Abstract The objective of this study was to investigate the physicochemical and textural properties of heat-induced gels prepared with pork muscles irradiated with gamma rays, electron beams, and X-rays. Pork muscles were irradiated at 5 kGy using the different irradiation sources, and heat-induced gels were prepared from the irradiated pork muscles at a protein concentration of 5 mg/mL. Each irradiation treatment produced lower water-holding capacity, protein solubility, apparent viscosity, hardness, springiness, cohesiveness, gumminess, and chewiness than the control gel prepared with non-irradiated pork muscle (P \ 0.05). In addition, gamma irradiation was more influential than electron or X-ray irradiation on the negative impacts on water-holding capacity and texture of heatinduced gels. Therefore, this study suggests that the irradiation source could be one of the significant factors affecting gelling properties of irradiated meat.
Introduction
Food irradiation is an effective and safe preservation method to extend the shelf-life of fresh meat and processed meat products for long-term storage, thereby controlling food-borne pathogen growth [1] . Currently, irradiation up to 10 kGy is generally known to be safe without adverse impacts on the nutritional and sensory properties of food [2] . The Codex Alimentarius Commission [2] has approved three ionizing sources (gamma ray, electron beam (ebeam), and X-ray) for food irradiation.
The gel-forming ability of muscle proteins, which is mostly related to salt-soluble myofibrillar protein, is one of the functional properties responsible for quality characteristics of processed meat products [3] . The muscle proteins entail partial protein denaturation during thermal processes, which results in the formation of a three-dimensional gel network. In particular, myofibrillar proteins have an important role in forming heat-induced gels [3] . However, the heat-induced gelation of salt-soluble proteins extracted from pork muscles irradiated with different ionizing sources has not yet been studied. Therefore, the objective of this study was to compare the physicochemical and textural properties of heat-induced gels prepared with salt-soluble proteins extracted from pork muscles irradiated with gamma rays, electron beams, and X-rays.
Materials and methods

Irradiation procedure
Pork muscles (M. biceps femoris, M. semitendinosus, and M. semimembranosus) purchased from a local market were vacuum-packaged in nylon/polyethylene bags (thickness of the samples was 1.5 cm) and irradiated at an absorbed dose level of 5 kGy using the three irradiation sources; gamma rays, electron beams, and X-rays. The dose rate was fixed at 5 kGy/h for all methods of irradiation. Actual doses were determined using radiochromic dosimetry films at two different positions (top and bottom) of each sample.
Gel preparation
Gel preparation from irradiated pork muscles was performed according to McCord et al. [4] . Ground pork muscles were homogenized with two volumes of 0.58 M saline solution (0.49 M NaCl, 17.8 mM Na 5 P 3 O 10 , and 1 mM NaN 3 , pH 8.3, 2°C) for 30 s in a food blender. The homogenate was made to stand in a 2°C refrigerator for 1 h and was centrifuged at 12,0009g (2°C) for 1 h (Supra 25K High speed refrigerated centrifuge, Hanil Science Industrial, Seoul, Korea). The supernatant containing saltsoluble proteins was filtered through three layers of cheesecloth and was diluted to 5% of the protein concentration using a saline solution (pH 6.0). The salt-soluble protein solution was placed in glass gelling tubes (diameter of 20 mm). To remove the air bubbles from the solution, the gelling tubes were centrifuged at 8009g for 15 min (4°C). Before heating, all samples were equilibrated in a 20°C water bath for 10 min, heated to 90°C at 1.75°C/ min, and held at 90°C for 20 min. The heated tubes were cooled in a 4°C water bath for gelation.
Physicochemical and textural analyses
The pH value of the gel was measured using an electronic pH meter. The water-holding capacity (WHC) of the heatinduced gel was determined by the method used by Kocher and Foegeding [5] . CIE L* (lightness), a* (redness), and b* (yellowness) were measured using a colorimeter. Protein solubility was determined according to the method used by Joo et al. [6] . The apparent viscosity of the salt-soluble protein solution was determined in a rotational viscometer [7] . The textural properties of heat-induced gels were determined using a texture analyzer [8] .
Statistical analysis
A total of three independent replicate batches was performed. Data were analyzed using the general linear model (GLM) procedure of Statistical Analysis Software (SAS) package [9] . Duncan's multiple range test (P \ 0.05) was conducted to separate differences between treatment means.
Results and discussion
The physicochemical properties of heat-induced gels prepared from pork muscles irradiated with gamma rays, electron beams, and X-rays are shown in Table 1 . The pH values of the control gel (6.42) prepared with non-irradiated pork muscles were significantly (P \ 0.05) lower than those prepared with irradiated pork muscles (6.46-6.52). In particular, the heat-induced gel prepared with gamma-irradiated pork muscles resulted in the highest pH among all treatments (P \ 0.05). Similarly, Choi et al. [1] reported that the pH of heat-induced gels prepared from gammairradiated chicken increased with increasing irradiation dose level (0-10 kGy).
The WHC of the control gel was significantly (P \ 0.05) higher than that of all samples prepared with irradiated pork muscles, whereas the heat-induced gel prepared from gamma-irradiated pork muscles showed the lowest WHC. Choi et al. [1] suggested that the reduced WHC of heat-induced gel prepared from gamma-irradiated chicken was likely due to protein denaturation because of irradiation. Thus, the result of the WHC in the current Table 1 Physicochemical properties of heat-induced gels prepared with pork myofibrillar proteins irradiated with gamma rays, electron beams, and X-rays
Parameters
Control (non-irradiation) Gamma-ray Electron-beam X-ray study could imply that gamma irradiation might cause more critical impact on salt-soluble pork proteins. Significant differences in the CIE L * value (lightness), a * value (redness), and b * value (yellowness) of heat-induced gel were observed because of different irradiation sources (P \ 0.05). The heat-induced gel prepared with irradiated pork muscles had significantly (P \ 0.05) higher lightness and yellowness but lower redness than the control gel, regardless of the irradiation source. Choi et al. [1] have also reported that the values of lightness and yellowness for all irradiated samples are higher than those of the control, whereas the redness of gel in the control was the highest (P \ 0.05).
The solubilities of sarcoplasmic, myofibrillar, and total proteins of heat-induced gels prepared from irradiated pork muscles were significantly (P \ 0.05) lower than those of the control. A similar result was reported by Choi et al. [1] , who found that the protein solubility (myofibrillar and total proteins) of heat-induced gels prepared from gamma-irradiated chicken was higher than that of non-irradiated chicken. In addition, the heat-induced gel prepared with gamma-irradiated pork muscles showed a lower myofibrillar protein solubility than that prepared with electron or X-ray irradiated pork muscles (P \ 0.05). Liu et al. [10] reported that salt-soluble myofibrillar proteins, such as myosin and actin, play an important role in the formation of continuous three-dimensional networks, which could immobilize water in heat-induced gels. Wang et al. [3] reported that the solubility of muscle proteins could indicate the degree of muscle protein denaturation occurring during meat processing. Thus, the reduced myofibrillar protein solubility in the gel prepared with gamma irradiated pork muscle could be one of the evidences for the decreased WHC.
The apparent viscosity of salt-soluble protein solution prepared with pork muscles irradiated with gamma rays, electron beams, and X-rays is shown in Fig. 1 . All treatments showed thixotropic behavior, i.e., their apparent viscosities decreased with increasing rotation time. However, the apparent viscosities of samples prepared with irradiated pork muscles were significantly (P \ 0.05) lower than that of control. In addition, the sample prepared with gamma irradiated pork musclead slightly lower apparent viscosity compared to those prepared with electron-beam or X-ray irradiated pork muscles. Ciesla et al. [11] indicated that protein cross-linking could contribute to an increase in the apparent viscosity of the protein solution. Thus, this result indicates that irradiation might undermine the cross-linking of salt-soluble pork proteins, and this phenomenon was remarkably observed using gamma irradiation.
Results on the texture profile analysis of heated gel prepared with differently irradiated salt-soluble proteins are shown in Table 2 . All textural parameters of heat-induced gels prepared with irradiated pork muscles were significantly (P \ 0.05) lower than those of the control, except for cohesiveness. While the highest cohesiveness was found in the control gel, the cohesiveness of heatinduced gel prepared with X-ray irradiated pork muscles was comparable with that of control (P [ 0.05). These results were in agreement with those reported by Choi et al. [1] . They reported that the decreased values of hardness, cohesiveness, gumminess, and chewiness could be attributed to the denaturation of salt-soluble protein caused by gamma irradiation.
In conclusion, this current study indicates that 5 kGy irradiation on pork muscles decreased the WHC and deteriorated textural properties of the heat-induced gel prepared with the irradiated pork muscles, which was likely due to the muscle protein denaturation supported by reductions in myofibrillar protein solubility and apparent viscosity. In addition, gamma irradiation was more influential on the negative impact on the WHC and texture of the heat-induced gel, when compared to electron-beam or X-ray irradiation. Therefore, this study suggests that the irradiation source can be one of the significant factors affecting gelling properties of irradiated meat.
